Oceanic microseisms are generated by the interaction of op-3 posing ocean waves and subsequent coupling with the seabed, so microseisms 4 should contain information on the ocean conditions that generated them. This 5 leads to the possibility of using seismic records as a proxy for the ocean grav-6 ity wavefield. Here we investigate the P-wave component of microseisms, which 7 has previously been linked to areas of high wave interaction intensity in mid-8 ocean regions. We compare modeled P-wave microseismic sources with those 9 observed at an array in California, and also investigate the relationship be-10 tween observed sources and significant wave height. We found that the time- 
Introduction
Oceanic microseisms are tiny, continuous oscillations of the ground caused by the inter-23 action of ocean waves with the solid earth beneath them. The most energetic microseisms 24 are generated when ocean wave trains of similar frequency but opposite direction interact, 25 producing a pressure fluctuation that is unattenuated with depth, has twice the frequency 26 of the forcing waves, and a near-zero wave number [Longuet-Higgins, 1950; Ardhuin and 27 Herbers, 2013; Traer and Gerstoft, 2014; Ardhuin et al., 2015] . This pressure fluctua-28 tion couples to the seabed to produce microseisms with typical peak frequencies of about 29 0.14-0.20 Hz (5-7 seconds), which propagate as seismic surface waves and body waves (e.g.
30
Toksöz and Lacoss [1968] ; Haubrich and McCamy [1969] ; Roux et al. [2005] ; Gerstoft et al.
31
[2006]; Koper and de Foy [2008] ; Koper et al. [2010] ; Reading et al. [2014] ).
32
The requirement of opposing waves to generate double frequency microseisms means 33 that microseism energy cannot be explicitly related to ocean wave height [Kedar et al., Ardhuin et al. [2011, 2012] ) or reflection from a coastline (Class II), a strong dependence 38 on the ocean wave height is expected. As such, empirical relationships between micro-39 seism energy and significant wave height recorded at nearby coastal wave buoys have been 40 identified [Ardhuin et al., 2012; Bromirski et al., 1999; Ferretti et al., 2013] . These rela-41 tionships were based on the full seismic spectrum which is dominated by seismic surface spherically symmetric Earth model. We projected for distances between 30
• and 90
• from 111 the array centre which is the typical range for teleseismic P-waves [Obrebski et al., 2013] .
112
A synthetic test for a point source located at 35
• N 169
• E is shown in Figure 2c and d.
113
An example output for 23rd December 2012 (00:00) is shown in Figure 3a .
114 Double frequency P-wave microseism sources were modeled over the same 2-year period
115
as the seismic data. The method of Ardhuin et al. [2011] and Ardhuin and Herbers
116
[2013] based on the numerical ocean wave model WAVEWATCH III [Tolman, 2014] was 117 followed to calculate the vertical ground displacement associated with P-waves at each 118 source location. From Ardhuin et al. [2011] and Farra et al. [2016] , the second-order 119 pressure spectrum at near-zero wavenumber and twice the ocean wave frequency f , due 120 to the interaction of similar frequency waves traveling in opposite directions [Hasselmann, 121 1963] , is given by:
which has units of Pa 2 m 2 s and where ρ w is the density of water, g is gravitational acceleration, E(f ) is the ocean wave frequency spectrum and I(f ) is a non-dimensional 124 function that depends on the wave energy distribution M over the directions θ : 
C P is a non-dimensional amplification coefficient dependent on frequency, water-depth
141
and P-wave take-off angle (distance from source to receiver) [Ardhuin and Herbers, 2013; X -9 23rd December 2012 (00:00) is shown in Figure 3b . A study by [Obrebski et al., 2013] has 150 previously validated the location of modeled sources with seismic P-wave observations.
151
We also output the modeled ocean wave energy spectrum E(f ) from which we calculated 
168
The plot of modeled source power vs. beampower in Figure 4 shows that up to a certain 169 limit, an increase in modeled source power had little to no effect on the observed beam- the non-integrated output of each of the beamformer peaks and associated source peaks.
199
Again we only considered beamformer peaks that were above the noise threshold, and 200 in addition only the cases when the observed and modeled sources were ≤10
• apart to 201 exclude any spurious observations.
202
The mean spectra of the observed and modeled sources were calculated ( Figure 6a 203 and b), and the mean frequency from these spectra was calculated as 
213
The results indicate that the seismic beamforming observations reflect the location,
214
frequency content and amplitude of microseismic sources, with location accurate to 10
in 90% of occurrences and with a strong correlation coefficient between beampower and 216 source power of 0.71.
217
Next we used the relationship between beampower and modeled source power found 218 during the first winter to estimate source power over the second winter (mid-October 219 2013 to mid-March 2014) using the observed beampowers over that period.
220
To estimate source power from observed beampower, we fitted another curve between 
Relating microseism source to significant wave height
The results presented have shown that we are able to estimate the integrated microseism which the ocean wave energy spectrum can be estimated, and thus significant wave height.
237
This is a rearrangement of equation 3:
where the source power spectral density spectrum P (f 2 ) is estimated from the observed 239 beampower spectrum, values of ρ c , ρ w and C p are taken at the grid points where peaks 240 in beampower are located, and I(f ) is unknown.
241
Significant wave height can then be calculated from the estimated ocean wave energy 242 spectrum:
Here we distinguish our estimate of H s as H s (swell) because we are only considering the 244 spectrum between seismic frequencies of 0.1-0.3 Hz (0.05-0.15 Hz ocean wave frequency 245 which equals 6.7-20 s periods) whereas traditionally significant wave height is calculated 246 from a wider band (e.g. 2-30 ocean wave periods).
247
To estimate the source spectrum P (f 2 ) from the observed beampower, beampower and 
259
The estimated source spectrum was constructed from the beampower spectrum using the 260 identified logarithmic relationship in the following way. If the peak of the beampower spec-261 trum was above the noise level of -20.16 dB, the source power of this peak, P (estimated) (dB),
262
was estimated, and the source amplitude as P (estimated) = 10 ∧ (P (estimated) (dB)/10). It was this way is shown in Figure S2 . An assumption here is that the source spectrum only has 269 one peak, and indeed it was found that the modeled source spectrum had a single peak
270
(counting peaks as those above the mean + one standard deviation) in 99% of cases whilst 271 the beamformer spectrum had a single peak in 80% of cases. We limit our estimation of 272 P (estimated) to cases when both the beamformer spectrum and source spectrum had a single ] 2 was first smoothed over 10
• using a 11-by-11 287 low-pass Gaussian filter before taking the value at the beampower location.
288
The wave energy spectrum was estimated from the beamforming observations of the first 289 winter using equation 4, and significant wave height estimated using equation 5. heights (∼2-3m) the estimation was most accurate, whereas higher modeled wave heights 294 were underestimated. We used the mismatch between the estimated H s (swell) bins and 295 the line y = x to define a calibration factor, which was then applied to estimates of 296 H s (swell) during the second winter (a calibration factor based on a curve which smoothed 297 out the uncertainties at the larger wave heights did not make any significant difference 298 to the results). Figure 10 to extract information about the ocean wave spectrum at frequencies for which the wave-307 field is unidirectional (I(f ) = 0), because the observed beampower is only sensitive to 308 opposing waves. Consequently, these parts of the ocean wave energy spectrum would be 309 underestimated as would the derived significant wave height.
310
In order to understand how each of these errors influence the correlation between esti-311 mated and modeled H s (swell), we looked at each of these sources of error in turn. Figure   312 11a shows the ideal case when the source spectrum, site effect and I(f ) are known exactly be caused by the assumed I(f ) being too large for higher wave heights. inaccuracies in I(f ) and location correlation goes down to 0.48 (Figure 11h ).
334
The large amount of scatter between source amplitude and beampower is unsurpris- show that a relationship between source amplitude and observed beampower does exist.
341
Furthermore, Figure 8b suggests that with improvements in beampower and location es- and may be important for sources close to the coast where sediments are thicker.
362
It is important to remember however that estimates about significant wave height can 363 only be made where there is wave interaction occurring. Sometimes this does correspond 364 to the largest wave heights in the ocean basin (e.g. Figure 12a ,b), but this is not necessarily 365 the case (Figure 12c,d ).
Conclusions
Observed seismic P-waves in California were found to relate to modeled microseismic 367 sources in the North Pacific Ocean in terms of location, frequency content and amplitude.
368
The observed P-waves were located through beamforming and backprojection, and were 
374
The empirical relationship between beampower and source power allowed sources during 375 the second winter to be estimated from observed beampower. The resulting estimated 376 sources were found to correlate with the modeled sources with a correlation coefficient of 377 0.63.
378
After reconstructing the source spectrum from the beamformer spectrum, and making
379
an assumption about the directional characteristics of the wavefield, the ocean wave energy 380 spectrum was estimated, and from that, significant wave height. During the first year, the 'Modeled source' means that modeled P (f 2 ) was used in the calculation. 'Modeled location' means that the modeled source location was used for the value of the site effect. 'Modeled I(f )' means that the exact (modeled) value of I(f ) for each case was used. 'Estimated source' means that P (f 2 ) was estimated from the beampower. 'Estimated location' means that the beamformer location was used to obtain the value of the smoothed site effect. 'Estimated I(f )' means that the I(f ) of Figure 
